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A plasmid-based recovery system was used to generate four unique vesicular stomatitis virus (VSV) mutants that encode
glycoproteins (G proteins) with single or double amino acid substitutions in two conserved acidic residues adjacent to the
putative G protein fusion domain. Previously we demonstrated that three of the mutant G proteins (D137-L, E139-L, and
DE-SS) have slightly reduced pH thresholds for membrane fusion activity. In this report we show that even though the viruses
encoding D137-L, E139-L, and DE-SS were recovered with high efficiency, these mutants were attenuated for growth in cell
culture. Plaque formation was significantly delayed with these mutants and the plaques were smaller and more diffuse than
those produced by wild-type VSV. In addition, cells infected with these mutants produced approximately 5- to 10-fold less
infectious virus than cells infected with a similarly recovered VSV encoding the wild-type G protein. Using R18-labeled virus
we found that the mutant G proteins had approximately 50% of the fusion activity of wild-type G at pH 6.3 and only 75% activity
at pH 5.8. We also show that the mutant viruses were more sensitive to chloroquine inhibition of infection than either
wild-type VSV or the mutant E139-T, which has a fusion phenotype similar to wild-type G protein. Reduced fusion activity and
attenuation of infectivity was not due to differences in the amount of G protein incorporated into virions, nor to differences
in the amount of virus binding to cells at physiological pH. Although infectivity was assayed at neutral pH, we observed an
increase in virus binding with both mutant and wild-type virions as the pH was lowered, and the increase in binding occurred
near the pH threshold for membrane fusion activity. From these data we propose a model in which VSV entry involves an
increase in virus binding to the inner leaflet of the endosomal membrane during endosome acidification. Concomitant with
this higher affinity binding, G protein becomes primed to initiate fusion of the viral envelope with the endosomal membrane.
Viruses with mutations that delay the onset of increased binding and fusion lag behind wild-type VSV in their ability to initiate
a productive infection, potentially because the location within the cytoplasm where these viruses ultimately fuse is not
optimal for either virus uncoating or replication of the viral genome. © 1998 Academic Press
INTRODUCTION
The infection of cells by enveloped viruses requires
that the nucleocapsid core first be delivered into the host
cell cytoplasm to initiate events necessary for transcrip-
tion and replication of the viral genome. However, both
the plasma membrane of the host cell and the lipid
envelope of the virus constitute significant barriers to the
viral nucleocapsid prior to initiating an infection. To cir-
cumvent these barriers, enveloped viruses encode sur-
face glycoproteins that mediate cell penetration by mem-
brane fusion. In general, enveloped viruses use one of
two different pathways for the delivery of their nucleo-
capsids into the host cell cytoplasm. The first pathway
(termed pH-dependent) involves uptake of virus particles
by endocytosis and fusion of the viral envelope with the
membrane of an acidic compartment, typically endo-
somes or, in some cases, the lysosome. The second
involves direct fusion of the viral envelope with the
plasma membrane after binding of virus particles to
receptors on the cell surface. This mode of entry (termed
pH-independent) does not require induction by acidifica-
tion.
Over the past several years much has been learned
about how both pH-dependent and pH-independent
fusion proteins initiate membrane fusion (Gaudin et
al., 1995a; Hernandez et al., 1996; White, 1995). Site-
directed mutagenesis has been used to identify and
characterize regions important for the membrane fu-
sion activity of several viral fusion proteins (Alkhatib et
al., 1994; Fredericksen and Whitt, 1995; Gething et al.,
1986; Levy-Mintz and Kielian, 1991; Mulligan et al.,
1992; Philipp et al., 1995; Steinhauer et al., 1995; Zhang
and Ghosh, 1994). More recently, structural studies
have shown how either receptor binding (Gilbert et al.,
1995; Sattentau et al., 1993) or acidification (Bullough
et al., 1994; Fuller et al., 1995; Rey et al., 1995) causes
significant conformational changes in the fusion pro-
teins and how these changes could initiate the mem-
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brane fusion event necessary for infection of cells. In
the case of many pH-dependent fusion proteins, it is
not entirely clear why some induce membrane fusion
at a relatively high pH (examples include Semliki For-
est virus and vesicular stomatitis virus (VSV) which
fuse at pH 6.3), while others require much more acidic
conditions to initiate membrane fusion (such as vari-
ous strains of influenza virus which fuse at pH 5.3). For
some viruses, the dissociation of viral components
during the entry process is an important factor that
influences the pH optimum for membrane fusion. One
of the best examples of this is the correlation between
the pH optimum of the M2 ion channel of influenza
virus, the corresponding pH threshold of the cognate
hemagglutinin fusion protein, and the requirement of
acidic pH for M1 protein dissociation from the ribo-
nucleocapsid core (Grambas and Hay, 1992; Helenius,
1992; Pinto et al., 1992; Singh and Helenius, 1992). The
selective pressures responsible for maintaining the
pH threshold of other viral fusion proteins are less well
understood. One of the major stumbling blocks in the
study of rhabdovirus fusion proteins has been the lack
of variants that fuse at lower pHs. Another reason,
until recently, was the inability to introduce specific
mutations into the genome of rhabdoviruses. Now,
several systems that allow the recovery of infectious
virus from cDNA clones of both VSV and rabies virus
have been developed (Lawson et al., 1995; Schnell et
al., 1994; Whelan et al., 1995). These systems allow
specific mutations to be introduced into the virus ge-
nome and evaluation of the effects of the mutant pro-
teins on the life cycle of the virus.
Using in vitro assays we identified three substitu-
tions, D137-L, E139-L, and DE-SS, that shifted the pH
threshold for the fusion activity of VSV G protein to a
lower pH (Fredericksen and Whitt, 1996). Normally, in
cell–cell fusion assays G protein induces membrane
fusion at pH 6.3 and lower. In contrast, the pH thresh-
old for D137-L, E139-L, and DE-SS was approximately
6.0; however, these mutants were able to induce mem-
brane fusion to levels similar to that of wild-type G
protein when exposed to pH 5.7. To examine the effect
of these substitutions on the replication of VSV in
cells, we introduced the D137-L, E139-L, and DE-SS
genes into a full-length cDNA construct of VSV and
recovered infectious virus. We found that virus con-
taining these substitutions were attenuated for growth
in cell culture compared to a cDNA-derived wild-type
VSV recovered in parallel. We attribute the attenuating
effect of D137-L, E139-L, and DE-SS to the shift in the
pH threshold for membrane fusion to a lower pH.
These results suggest that maintaining a high pH
threshold for fusion activity is important for viral fit-
ness, possibly because of the requirements for virus
uncoating or initiation of virus replication.
RESULTS
Previously we had found that minivirus particles con-
taining the mutant G proteins D137-L, E139-L, and DE-SS,
which have shifted pH thresholds for fusion activity, ap-
peared to be attenuated and produced fewer infectious
virions after multiple passages compared to particles
containing wild-type G protein (Fredericksen and Whitt,
1996). To determine if these mutations affected the
growth and infectivity of VSV in the context of a nonde-
fective genome we introduced the D137-L, E139-L, and
DE-SS mutations into the G gene of a full-length cDNA
clone of VSV from which we have previously recovered
infectious virus (Lawson et al., 1995). All three mutants
were recovered with high efficiency, indicating that the
mutations did not drastically reduce the ability of the
viruses to grow in cell culture. Our previous studies
using VSV minigenomes required coexpression of the
complementing N, P, and L proteins from plasmids using
the vaccinia-T7 expression system. By recovering infec-
tious virus containing the complete VSV genome, we
could assess the effects of the mutations on virus entry,
replication, and assembly in the absence of a competing
vaccinia virus infection.
Characterization of virus recovered from mutant VSV
constructs
In addition to virus encoding D137-L, E139-L, and DE-
SS, we also recovered virus encoding E139-T. The E139-T
mutant was used as a control because this substitution
did not alter the fusion activity of the mutant G protein in
a cell–cell fusion assay, and minivirus encoding E139-T
had growth characteristics similar to that of wild-type
minivirus (Fredericksen and Whitt, 1996). Table 1 lists the
growth characteristics of the recovered viruses. The
plaque morphology of E139-T was similar to wild-type
VSV, although at 24 h postinfection the titers of superna-
tants from E139-T infected cells were often slightly lower.
The growth characteristics of D139-L, E139-L, and DE-
SS, in contrast, were noticeably different from wild-type
TABLE 1
Growth Characteristics of VSV Mutants
Virus
Plaque size
(24 h) Plaque morphology Titer (PFU/ml)a
WT-VSV 2 mm Distinct and clear (24 h) 1.4 3 109
E139-T 2 mm Distinct and clear (24 h) 1.2 3 109
D137-L Microscopic Diffuse (48 h) 3.0 3 108
E139-L Microscopic Diffuse (48 h) 2.0 3 108
DE-SS Microscopic Diffuse (48 h) 3.0 3 108
a Cells (7 3 105) were infected with a multiplicity of 10 for 30 min at
37°C. The inoculum was removed and fresh media was added. The
culture supernatants were collected at 24 h p.i. and virus titers were
determined by plaque assay. The results shown are an average from
three separate experiments.
350 FREDERICKSEN AND WHITT
VSV. Plaques of all three mutant viruses were not visible
until nearly 48 h postinfection and at this time the
plaques had a diffuse appearance rather than the clear
distinct edges of either wild-type or E139-T plaques. In
addition, the supernatant collected after 24 h from cells
infected with the mutants contained approximately 5- to
10-fold lower titers than wild-type VSV. One-step growth
curves of D137-L and wild-type VSV showed that the
kinetics of virus release into the supernatant was also
slower for the mutants (Fig. 1A). These results indicated
that at least part of the attenuation was due to a reduc-
tion in the amount of infectious virus released from cells
infected with the mutant viruses. Quantitation of viral
proteins obtained from purified particles released into
the media after 24 h indicated that all of the mutant G
proteins were incorporated as efficiently as wild-type G
protein into virions, but that the amount of D137-L,
E139-L, and DE-SS released was reduced by approxi-
mately 2.5-fold (Fig. 1B). Therefore, the lower titers could
be explained, in part, by a reduction in the amount of
virus produced.
Comparison of virus binding properties
To determine if the mutations affected virus binding to
cells we incubated radiolabeled virus with BHK cells in
media buffered from pH 7.0 to 5.6. All binding experi-
ments were carried out at 0°C to prevent endocytosis of
the virus and to inhibit fusion of the viral envelope with
host cell membranes upon exposure to acidic pH. All
mutant virions bound to the cell surface at levels similar
to wild-type VSV when adsorption was carried out at pH
7.0 (Figs. 2A and 2B), indicating that at physiological pH
the binding affinity of D137-L, E139-L, and DE-SS for the
cell surface was similar to that of wild-type G protein.
The only difference between the binding affinity of mu-
tant viruses and wild-type VSV was detected at pH 6.5.
Both D137-L and E139-L showed slightly reduced binding
at this pH compared to wild-type VSV. The reduced bind-
ing affinity may be due to differences between the con-
formation of the mutant G proteins and wild-type G at this
pH (Fredericksen and Whitt, 1996). As reported previ-
ously (Matlin et al., 1982), the amount of binding of
FIG. 1. (A) One-step growth curves for wild-type VSV and D137-L. Baby hamster kidney cells were infected with either wild-type VSV or D137-L
at a multiplicity of 10 for 30 min at 37°C. The inoculum was removed and the cells were washed once with DMEM–FBS. Supernatant samples
were taken at the indicated times and the titers were determined by plaque assays on BHK cells as described under Materials and Methods.
(B) G protein incorporation and virus yields of wild-type and mutant VSVs. Cells were infected as described above except the absorption was
for 1 h in serum-free (SF) DMEM. After 1 h the inoculum was removed, and the cells were rinsed twice with SF-DMEM, and then incubated for
24 h in SF-DMEM. The supernatants were harvested and clarified by low-speed centrifugation to remove cell debris, and the virus was pelleted
by ultracentrifugation through a 20% sucrose cushion. The pellets were resuspended in reducing sample buffer, boiled, and analyzed by
SDS–PAGE on a 9% gel. The gel was stained with Coomassie blue, dried between cellophane membranes, and viral proteins were quantitated
by densitometry. Relative G incorporation corresponds to the ratio of G protein to N and P protein staining intensities. It does not reflect
absolute amounts of G protein to N and P proteins in virions. Virus yield was determined from the intensity of N and P protein staining relative
to that in the wild-type VSV lane.
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wild-type VSV increased dramatically as the pH of the
media was lowered, and at pH 6.3 the amount of binding
of the mutants was the same as that of wild-type VSV
(Fig. 2).
To confirm that the binding detected by this assay was
specific, increasing amounts of unlabeled wild-type VSV
were added to binding medium at pH 6.1 together with a
constant amount of labeled mutant or wild-type virus.
Between 70 and 90% of the binding observed for wild-
type VSV, D137-L, and E139-L was inhibited by 100 mg of
unlabeled wild-type VSV (Fig. 3), suggesting that the
majority of binding detected by this assay was specific.
Virus infectivity is pH-dependent
To determine if the pH-dependent increase in binding
of VSV to cells was physiologically relevant we asked
whether there was a corresponding increase in the num-
ber of infected cells as the pH of the binding medium
was lowered. We reasoned that if the increase in binding
was simply due to aggregation of virus particles at acidic
pH, there would be a relatively small increase in infec-
tivity because an aggregate containing multiple virions
would score as a single plaque. To examine this we used
a modified plaque assay. Wild-type VSV was bound to
cells in ice-cold binding medium buffered between pH
7.0 and 5.6. Cells were washed to remove unbound virus
and an overlay of DMEM–agar, which was buffered to pH
7.4, was added. Figure 4 shows that the number of PFU
increased as the pH of the binding medium was lowered.
This indicated that the increase in binding was not due to
low-pH induced aggregation of virus particles, but in-
stead was due to a pH-dependent increase in the bind-
ing affinity of G protein. D137-L, E139-L, DE-SS, and
E139-T exhibited a similar increase in infectivity as the
pH of the binding medium became more acidic (data not
shown), indicating that the mutants behave similarly to
wild-type virus in this assay.
FIG. 3. Inhibition of binding of wild-type VSV and mutant virions to the
cell surface. Radiolabeled virus particles were added to binding me-
dium (pH 6.1) together with increasing amounts of unlabeled wild-type
VSV. Binding was carried out as described in the legend of Fig. 2 and
the amount of radioactivity present in both bound and unbound frac-
tions was determined. The percentage inhibition was calculated rela-
tive to the amount of binding of each virus in the absence of unlabeled
competitor.
FIG. 2. Binding of wild-type and mutant virus to cells. Radiolabeled
virions (;80,000 cpm) were resuspended in binding media buffered to
the pH indicated. After incubating for 30 min at room temperature, the
suspensions were cooled to 4°C and added to confluent monolayers of
BHK cells. Virus was allowed to bind for 3 h on ice. The medium was
removed (unbound fraction) and the cells were washed 3 times with
ice-cold binding medium at the same pH. Cells were then lysed in PBS
containing 1% Triton X-100 and all cell material was washed off the
plates and collected (bound fraction). The amount of radioactivity
present in both the unbound and bound samples was then determined.
(A) Binding assays with wild-type VSV, D137-L, and E139-L. (B) Binding
assays with wild-type VSV, DE-SS, and E139-T from a separate exper-
iment. Each data point represents the average from three separate
experiments done in triplicate.
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Fusion of viral envelopes with target membranes
Our previous results using an in vitro cell fusion assay
indicated that D137-L, E139-L, and DE-SS were shifted in
their pH threshold for fusion activity; however, an altered
fusion activity in a syncytium formation assay does not
necessarily correlate with altered fusion activity in the
context of a viral envelope (White, 1990; Wilson et al.,
1992). We, therefore, used an assay based on the self-
quenching characteristics of the fluorescence probe oc-
tadecylrhodamine (R18) to examine the ability of D137-L,
E139-L, and DE-SS to mediate fusion between the viral
envelope and cell membranes. Virus was labeled with
R18 at self-quenching concentrations and the labeled
virus was then bound to cells on ice at neutral pH. Fusion
between R18-labeled virus and the plasma membrane
was then induced by warming the virus–cell mixture to
37°C and decreasing the pH of the media to pH 5.8, 6.0,
or 6.3 (Fig. 5). The mutant E139-T fused as efficiently as
wild-type VSV when exposed to pH 6.0 or 5.8, but was
reduced in its level of fusion compared to wild-type at pH
6.3. This fusion profile was similar to that originally ob-
served using the syncytia formation assay (Fredericksen
and Whitt, 1996). In contrast, the extent of fusion ob-
served with D137-L, E139-L, and DE-SS was decreased
compared to wild-type VSV at pH 5.8 and above, thus
confirming our earlier conclusions that these substitu-
tions shift the pH threshold of G protein’s fusion activity.
Importantly, when the pH was lowered to 5.4, the extent
of fusion for the mutants was comparable to that ob-
served for wild-type VSV (data not shown). These results
are also similar to our findings reported previously using
cell–cell fusion assays (Fredericksen and Whitt, 1996).
Effects of chloroquine on virus infectivity
The findings that D137-L, E139-L, and DE-SS mutant G
proteins, when incorporated into viral particles, exhibited
reduced fusion activity at pH 5.8 and above in the R18
assay suggested that virions containing these mutant G
proteins probably require a more acidic environment
than wild-type VSV does for efficient fusion between viral
envelopes and cell membranes to occur. An increased
requirement for protonation should cause virions con-
taining D137-L, E139-L, and DE-SS to be more sensitive
to lysosomotropic agents than wild-type virus. Lysoso-
motropic agents, such as chloroquine, indirectly inhibit
pH-dependent fusion of viral envelopes with cellular
membranes by raising the pH of endocytic vesicles in a
concentration dependent manner. To examine the effect
of chloroquine on the entry of D137-L, DE-SS, and wild-
type VSV we monitored the level of [3H]uridine incorpo-
FIG. 5. Comparison of virus–cell fusion activities using R18-de-
quenching. R18-labeled virus was bound to HeLa cells at neutral pH
and at 4°C for 60 min. A 100-ml sample of the virus–cell mixture was
added to HN-buffer (pH 7.4) in a temperature controlled cuvet main-
tained at 37°C. The baseline fluorescence was monitored for 60 s and
then the pH of the media was adjusted to the indicated pH by the
addition of 0.1 M citric acid. The pH of the media was rechecked at the
end of each experiment. The percentage fusion was determined as
described under Material and Methods. The extent of fusion as de-
tected by fluorescence dequenching for wild-type VSV at the lowest pH
examined was set at 100%. The average fusion efficiency (% fusion) for
wild-type VSV at this pH was 14.5%. The fusion activities of the mutant
viruses are shown as a percentage of that value. Each bar represents
an average of two to three separate experiments.
FIG. 4. Effect of pH on the binding and infectivity of VSV. Wild-type
VSV (100 PFU when bound and titered at pH 7.4) was resuspended in
binding media buffered to pH 6.5, 6.3, and 5.6 and then immediately
added to BHK cells on ice. Virus was bound by incubating for 3 h on ice
to prevent internalization. Cells were washed twice with ice-cold bind-
ing medium at the same pH and then washed once more with cold
binding medium at pH 7.0. The monolayers were then overlayered with
DMEM–agar at neutral pH and incubated at 37°C in a 5% CO2 incu-
bator to allow plaque formation. Fold increase is relative to the number
of plaques produced after binding of virus at pH 7.4.
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ration into viral RNAs in the presence of increasing
concentrations of chloroquine (Fig. 6). Interestingly, we
found that in the absence of chloroquine there was a
1.5-fold reduction in the level of [3H]uridine incorporation
into D137-L and DE-SS viral RNAs compared to the
amount of incorporation observed in cells infected with
wild-type VSV (data not shown). This reduction could
have been due to an increase in the amount of time
required for the mutant viruses to enter a cell, a reduction
of the amount of mutant virus productively entering the
cell, or a reduction in the rate of replication of the mutant
genomes following entry into the cytoplasm of the host
cell. When increasing concentrations of chloroquine
were used there was an overall reduction of [3H]uridine
incorporation for both the wild-type and the two mutant
viruses; however, the effect was greater for either D137-L
or DE-SS compared to wild-type VSV infected cells. This
increased sensitivity of D137-L and DE-SS to chloroquine
suggests that these virions require transport to a more
acidic compartment than wild-type VSV in order to initi-
ate an infection.
DISCUSSION
In nature, the glycoprotein of VSV has maintained a pH
threshold for membrane fusion near pH 6.3. Considering
that the high mutation rate of RNA viruses provides the
opportunity to generate a highly heterogeneous popula-
tion of viruses (Domingo et al., 1996), it is surprising that
variants with more acidic fusion thresholds are not found
(Fredericksen and Whitt, unpublished observations). The
most likely explanation is that there are multiple factors
contributing to the maintenance of G protein’s relatively
high pH threshold for fusion. For example, it has been
suggested that the reversible conformational change
characteristic of rhabdoviral G proteins plays an impor-
tant role in the transport of G protein to the cell surface
(Gaudin et al., 1995b). It is possible that structural con-
straints limit the pH range in which G protein can un-
dergo both reversible conformational changes required
for transport and conformational changes required for
membrane fusion, but it is not obvious whether there are
other advantages for VSV to initiate fusion a pH 6.3. We
therefore chose to investigate the importance of main-
taining G protein’s pH threshold by examining the effects
of mutations that shift the pH threshold for fusion activity
to more acidic conditions on VSV entry, replication, and
assembly.
The recent development of systems that result in the
recovery of infectious virus from full-length cDNA clones
of VSV has allowed us to generate recombinant virus
containing specific mutations in the G protein gene and
then to examine the effect of these mutations on the
infectivity of the recombinant VSV particles. We were
able to recover virus from plasmids encoding the mutant
G proteins D137-L, E139-L, and DE-SS, which we had
shown previously reduced the pH threshold of G protein
fusion activity in vitro and which appeared to slow the
rate at which G protein undergoes pH-dependent con-
formational changes (Fredericksen and Whitt, 1996). In
this study we found that virions containing D137-L,
E139-L, and DE-SS were attenuated for growth in cell
culture compared to wild-type VSV. We also recovered
virus encoding the mutant E139-T to examine the effect of
an amino acid substitution that had no effect on fusion
activity in vitro or on the infectivity of minivirus in cell
culture. In contrast to the other three mutant viruses, the
growth characteristics of E139-T were very similar to
those of wild-type VSV. Therefore, the results from the in
vitro cell fusion assays correlated well with the growth
and infectivity phenotypes of the mutant viruses in cells.
It is likely that some of the attenuation observed with
D137-L, E139-L, and DE-SS virions resulted from the
slower rate of transport of the mutant G proteins to the
cell surface (Fredericksen and Whitt, 1996). Since E139-T
was also transported at a slower rate than wild-type G
protein, this may explain the slightly lower titers detected
in E139-T infected cell supernatants. However, the ob-
servation that D137-L, E139-L, and DE-SS are more at-
tenuated than the E139-T virus suggests that these sub-
stitutions have an additional effect on virus infectivity.
Using a classical virus binding assay we found that
FIG. 6. Effects of chloroquine on the infectivity of wild-type and
mutant VSV. BHK cells were incubated for 1 h in media containing
chloroquine at the concentration indicated. Virus was added to cells at
a multiplicity of 20 and incubated for 30 min in the presence of
chloroquine. Following absorption, the cells were incubated for 1 h in
media containing chloroquine and actinomycin D. The media was then
replaced with fresh media containing chloroquine, actinomycin D, and
[3H]uridine, and the cells were incubated for 2 h. The amount of
[3H]uridine incorporation was then determined. The average amount of
radioactivity incorporated at 0 mM chloroquine was set as 100% incor-
poration for each virus. The average amount of [3H]uridine incorpora-
tion in the absence of chloroquine for WT-VSV, DE-SS, and D137-L was
316,324, 217,833, and 210,029 cpm, respectively.
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the mutations did not affect the binding of virus to cells at
neutral pH. As had been reported previously for wild-type
VSV (Matlin et al., 1982), we found that both wild-type and
mutant VSV particles bound poorly (10 to 20%) to the cell
surface at pH 7.0, but that the binding affinity increased
dramatically as the pH of the binding media was low-
ered. The increase in binding did not appear to be due to
virus aggregation, suggesting that either acid induced
conformational changes in G protein, charge neutraliza-
tion on both the virion as well as the cell surface, or a
combination of both conformational changes and charge
neutralization increases the affinity of G protein for the
cell surface. Interestingly, maximum binding of VSV to
target membranes was observed at pH 6.3, which cor-
responds to the pH threshold for wild-type G protein
fusion activity. These data suggested that as the pH of
the endosome becomes gradually more acidic the bind-
ing affinity of G protein increases up to the point where
conformational changes important for the initiation of
membrane fusion begin to take place. Indeed, consider-
ing the extremely low affinity of G protein for cellular
membranes at physiological pH, this increase in binding
affinity is probably necessary to ensure that the virus is
in close proximity to the target membrane in order for
fusion between the viral envelope and cellular mem-
branes to occur. At this stage of the entry process, the
virions would be bound tightly to the inner leaflet of the
endosomal membrane and G protein would be ‘‘primed’’
to initiate membrane fusion. The significance of increas-
ing the binding affinity of VSV during endocytosis be-
comes more important considering that the G proteins of
both VSV and rabies virus convert to a fusion-inactive
state at pH values below the fusion threshold when virus
is incubated in the absence of target membranes
(Clague et al., 1990; Gaudin et al., 1993, 1995b). There-
fore, we suggest that the pH-dependent binding of VSV
plays an important, if not critical, role in ensuring that a
successful infection will ensue.
The observation that D137-L, E139-L, and DE-SS did
not reduce the binding of virus to the cell surface under
normal infection conditions at neutral pH suggests that
the attenuating effects of these substitutions must lie
farther along the entry pathway for VSV. The fact that the
mutant G proteins exhibited reduced fusion activities at
pH 5.8 and higher indicated that these G proteins require
a more acidic environment than wild-type G protein to
induce fusion between viral envelopes and cellular mem-
branes. Because the pH thresholds of D137-L, E139-L,
and DE-SS were only slightly shifted compared to wild-
type G protein, virions containing these mutant G pro-
teins should still fuse with early endosomes, which are
estimated to have intravesicular pHs ranging from 6.2 to
5.3 (Schmid et al., 1989). However, it should take longer
for these mutant viruses to reach endosomes with a pH
low enough to induce efficient binding and fusion. The
observation that D137-L virus was more sensitive to
chloroquine than wild-type VSV correlates well with the
possibility that the mutant virions require additional acid-
ification for uncoating and release of nucleocapsid cores
into the cytoplasm. The reduced level of incorporation of
[3H]uridine into viral RNAs in cells infected with either
D137-L or DE-SS mutant virions compared to cells in-
fected with wild-type VSV also supports the idea that the
mutant viruses infect cells less efficiently. However, we
cannot eliminate the possibility that the increased re-
quirement for acid shifts the entry point of the mutant
virions to a location within the cytoplasm that is not
optimal for subsequent steps in virus replication. For
example, more mature endosomes with the appropriate
intravesicular pH to initiate mutant G protein-mediated
membrane fusion may be located in a region of the
cytoplasm that does not have, or is reduced in, host
factors needed for efficient viral uncoating, transcription,
and/or replication. It is important to point out that little is
known about the uncoating process of VSV. The lack of a
sensitive assay for VSV uncoating prevents us from ex-
cluding the possibility that the mutations which shift the
pH threshold for membrane fusion have some direct
effect on the uncoating process and that this too contrib-
utes to the attenuation observed for these mutant G
proteins.
MATERIALS AND METHODS
Cell culture, viruses, and transfections
HeLa cells and baby hamster kidney (BHK-21) cells
were grown in Dulbecco’s modified Eagle medium
(DMEM) containing 5% fetal bovine serum (FBS), 100
units/ml penicillin, and 100 mg/ml streptomycin (DMEM-
FBS). Stocks of the recombinant vaccinia virus vTF7-3
(Fuerst et al., 1986) were prepared as described previ-
ously (Whitt et al., 1989). Cell transfections were per-
formed using calcium phosphate–DNA coprecipitates
according to the manufacturer’s instructions (Gibco BRL).
Recovery of virus mutants from plasmids
Plasmids containing minigenome cDNAs with the de-
sired mutations in the G protein gene (Fredericksen and
Whitt, 1996) were digested with MluI and NheI and the
resulting 1665-bp fragments were purified by gel electro-
phoresis followed by electroelution. These fragments
were then subcloned into the MluI to NheI sites of pVS-
VFL(1)22 (Lawson et al., 1995). Recovery of infectious
particles was done essentially as previously described
(Lawson et al., 1995). Briefly, 107 BHK-21 cells were
infected with vTF7-3 for 60 min and then the cells were
transfected with 10 mg of plasmid encoding the various
full-length VSV constructs and 3, 4, and 1 mg of plasmids
encoding the VSV-Indiana nucleocapsid protein (N),
phosphoprotein (P), and polymerase (L), respectively.
Cells were incubated for 2 days to allow replication and
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assembly of viral particles. The supernatant from the
cells were then plated directly onto fresh BHKs and the
cells were incubated for 24 h to permit amplification of
any VSV mutants present. The supernatants from these
cultures were then passed through a 0.2-mm filter (Mil-
lex-GS, Millipore) to remove vaccinia virus and 1 ml of
the filtered supernatant was transferred onto fresh BHKs.
Following a 1-h absorption, the supernatant was re-
placed with DMEM-FBS. The media of cultures exhibiting
the cytopathic effects of a VSV infection were then re-
moved and the virus was plaque purified. Virus stocks
were prepared by infection 107 cells with approximately
105 plaque forming units (PFU) of the plaque isolate. The
supernatant from these cultures were then used for all
subsequent infections. Direct sequencing of the viral
RNA isolated from each of the mutants was performed to
ensure that the recovered virus contained the appropri-
ate mutations.
Plaque assays
Monolayers of BHK cells were washed two times with
serum-free (SF) DMEM and serial dilution of VSV were
added to the monolayers. Cells were incubated for 30
min at 37°C with rocking, the inoculum was removed,
and a 0.9% agar–DMEM–FBS overlay added. The mono-
layers were incubated 24 to 48 h at 37°C in a 5% CO2
incubator to allow plaque formation.
Metabolic labeling of VSV
BHK-21 cells were infected at a multiplicity of infection
(m.o.i.) of 10 and incubated overnight in labeling media (9
vol methionine-free SF–DMEM, 1 vol DMEM–FBS) con-
taining sufficient Express protein labeling mix (DuPont/
NEN) to give 50 mCi[35S]methionine/ml. The medium was
removed and cleared by centrifugation at 1250 g for 10
min. Radiolabeled virus was pelleted by centrifuging at
115,000 g for 1 h at 4°C through a sucrose cushion (20%
sucrose (w/v) in 10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM
EDTA). Pellets were resuspended in 10 mM Tris, pH 7.4,
and pelleted again through a 20% sucrose cushion. Virus
was resuspended in 10 mM Tris, pH 7.4, and the amount
of radioactivity was determined.
Binding assays
Virus binding was determined as previously described
(Matlin et al., 1982; Whitt et al., 1990), with slight modifi-
cations. Radiolabeled virus (approximately 80,000 cpm)
was added to 500 ml of binding media (2 mM Na2HPO4,
2 mM NaH2PO4, 30 mM NaCl, 2 mM 2-[N-morpholino]-
ethanesulfonic acid (MES), and 2 mM N-2-hydroxyethyl-
piperazine-N9-2-ethanesulfonic acid (HEPES), 0.1% BSA,
DMEM, titrated to the indicated pH with HCl) and incu-
bated at room temperature for 30 min. The virus suspen-
sion was cooled on ice for 10 min, added to confluent
monolayers of BHK-21 cells on ice, and then incubated
for 3 h at 4°C with constant rocking. The medium was
removed and the amount of unbound virus was deter-
mined by scintillation counting. Cell monolayers were
washed three times with cold binding medium before
cells were solubilized in phosphate buffered saline con-
taining 1% Triton X-100. The lysed cells were washed off
the plates and the amount of cell-associated radioactivity
was determined.
The binding conditions used for the plaque assays to
examine pH-dependent virus aggregation and infectivity
were similar to those described above. Roughly 100 PFU
(determined at pH 7.4) were bound to cells on ice with
constant rocking for 3 h at the pH indicated. Cells were
washed two times with cold binding medium at the same
pH and one time with cold binding medium at pH 7.0. The
monolayers were then overlayered with 0.9% agar–D-
MEM–FBS (pH 7.4) and incubated at 37°C in a CO2
incubator.
Labeling virus with octadecylrhodamine
Labeling of VSV with octadecylrhodamine (R18) was
performed as previously described (Blumenthal et al.,
1987; Puri et al., 1988, 1992). Virus was labeled with R18
by injecting 16 ml of a solution of R18 (1 mg/ml in ethanol)
into 1 ml of NaCl–HEPES, pH 7.4 (145 mM NaCl, 10 mM
HEPES) containing 1 mg virus protein while vortexing.
The ratio of R18 to virus was maintained when less
concentrated stocks of virus were labeled. Incorporation
of R18 was allowed to proceed for 1 h at room temper-
ature with constant mixing on a rocking platform in foil-
wrapped tubes. Unincorporated R18 was removed by
centrifuging the virus suspension through a column con-
taining Sephadex G-50 at 2000 rpm for 1 min. The la-
beled virus present in the void-volume was collected and
the protein concentration of the recovered virus was
determined using the BCA protein assay reagent.
(Pierce, Rockford, IL). The labeling efficiency was deter-
mined by measuring the fold increase in fluorescence
signal after complete dequenching upon solubilization
with 0.05% Triton X-100. A 7- to 10-fold increase indicates
good labeling. The fold increase observed for wt-VSV,
E139-T, DE-SS, D137-L, and E139-L was 10.1, 9.0, 9.65, 7.3,
and 8.85, respectively.
Virus–cell fusion assays
HeLa cells were removed from plates with trypsin and
washed three times with cold NaCl–HEPES, pH 7.4. The
cells were then resuspended in 1 ml of ice-cold NaCl–
HEPES, pH 7.4, and divided into aliquots of approxi-
mately 2 3 107 cells. R18-labeled virus (50 mg) was
added to cells and allowed to bind for 1 h at 4°C with
constant mixing. Virus–cell complexes were washed to
remove unbound virus. To monitor fusion, 100 ml of virus–
cell mixture was added to a quartz cuvet containing 2 ml
NaCl–HEPES, pH 7.4, which had been prewarmed to
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37°C. The temperature of the cuvet was maintained at
37°C by using a temperature controlled cuvet holder and
the baseline fluorescence was recorded. After 60 s the
pH of the virus–cell suspension was lowered by the
addition of 0.1 mM citric acid. Fluorescence was mea-
sured using an Aminco Bowman Series 2 spectroflu-
orometer with 560 and 585 nm excitation and emission
wavelengths, respectively, and using a 1-s time resolu-
tion. The percentage fusion was calculated using the
equation percentage fusion 5 (F 2 F0)/(Ft 2 F0) 3 100,
where F is the fluorescence at a given time, F0 is the
lowest fluorescence value detected, and Ft is the total
fluorescence value determined by disrupting cells with
Triton X-100 (0.05% final concentration) (Blumenthal et al.,
1987; Puri et al., 1988, 1992). The percentage fusion at
each time point prior to the addition of Triton X-100 was
calculated. The maximum fusion value of all viruses at
each pH was determined by averaging the percentage
fusion at each time point 100 s prior to the disruption of
cells by the addition of Triton X-100. The maximum fusion
value determined for wild-type VSV at pH 5.8 was set at
100% fusion and all other fusion values are shown as a
percentage of the fusion of wild-type VSV at pH 5.8.
Incorporation of [3H]Uridine into viral RNAs
We examined the ability of virus particles to infect cells
in the presence of chloroquine by measuring the level of
incorporation of [3H]uridine into viral RNAs. The method
used was an adaptation of those previously described
(Helenius et al., 1982; Miller and Lenard, 1980). The
DMEM used in these experiments contained 5% FBS and
was buffered with 25 mM HEPES and 3.7 g/L NaHCO3.
The pH of the medium was adjusted to pH 7.2 before
being added to cells. Cells were pretreated with the
indicated amount of chloroquine in DMEM, pH 7.2, for 1 h
at 37°C. The chloroquine-containing medium was re-
moved and the cells were infected with virus at an m.o.i.
of 20 in a fresh aliquot of DMEM, pH 7.2, containing the
indicated amount of chloroquine for 30 min at 37°C. After
30 min the inoculum was removed and replaced with 1
ml of fresh medium containing chloroquine at the indi-
cated concentration and actinomycin D at 10 mg/ml. After
incubating the infected cells for 1 h, the medium was
replaced with 1 ml fresh medium containing chloroquine,
actinomycin D (10 mg/ml), and 10 mCi [5,623H]uridine
(DuPont/NEN). Cells were incubated for 2 h at 37°C,
washed two times with PBS, and solubilized in detergent
solution (10 mM Tris, 66 mM Na2–EDTA, 1% Triton X-100,
0.4% Na-deoxycholate, 5% NaN3) containing 0.3% SDS.
The lysates were made to a final concentration of 10%
trichloroacetic acid (TCA), incubated 15 to 30 min on ice,
and the TCA precipitable material was collected on a
glass fiber filter (GFA, Whatman). Both tubes and filters
were washed two times with cold acetone and the
amount of radioactivity present was determined by scin-
tillation counting.
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